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Enhanced  spontaneous  emission  has  been  observed  with  wavelength-sized  monolithic  Fabry 
Perot  cavities  containing  GaAs  quantum  wells  With  an  on-resonance  cavity  structure, 
the  photoluminescenee  intensity  increases  in  the  cavity  axis  direction,  and  the  spontaneous 
emission  lifetime  is  experimentally  found  to  decrease. 


hollowing  the  recent  reports  of  altered  spontaneous 
emission  in  optical  cavities.1  attention  has  turned  to  utiliz¬ 
ing  this  effect  in  semiconductor  optical  devices.  For  exam¬ 
ple.  the  utilization  of  inhibited  spontaneous  emission  has 
been  proposed  to  create  diode  lasers  having  extremely  low 
threshold  current  It  has  also  been  recently  reported  the 
the  spontaneous  emission  rate  of  optically  thin  GaAs/ 
AIGaAs  double  heterosmiciures  depends  on  substrate  ma¬ 
terials  '  However,  until  now.  there  have  been  few  studies  of 
optical  cavity  effects  on  semiconductors,  possibly  because 
of  the  difficulty  of  fabricating  the  appropriate  cavity  struc¬ 
tures  with  these  materials.  For  broad  emission  bandwidth 
semiconductors,  the  spontaneous  emission  rate  change  can 
be  observed  only  when  the  dimensions  of  the  cavity  are  on 
(tie  order  of  a  wavelength,  in  contrast  to  atomic  beam  ex¬ 
periments/  In  this  letter  we  report  two  experiments  de¬ 
signed  to  detect  enhanced  spontaneous  emission  from  a 
semiconductor  multiple  quantum  well  (MQW)  sample 
embedded  in  a  monolithic  microcavity  .  In  the  lirst  experi¬ 
ment.  the  enhancement  is  detected  as  an  increase  m  the 
spectrally  integrated  photoluminescenee  (PI.)  intensity 
emitted  from  the  sample  perpendicular  to  the  MOW  lay¬ 
ers.  In  the  second  experiment,  we  observe  the  change  in  the 
spontaneous  emission  lifetime  of  the  M(,)W  caused  by  the 
presence  of  the  cavity. 

The  rnicrocavity  was  fabricated  by  the  epitaxial  growth 
of  both  multi  quantum  well  light-emitting  active  layers  and 
multilayer  reflectors  on  a  GaAs  substrate  This  structure  is 
basically  a  very  short  planar  Fabry  Perot  cavity  structure, 
hut  with  distributed  feedback  reflectors  The  structure  is 
schematically  shown  m  Fig.  I.  The  active  layer  consists  of 
a  three-period  multiple  quantum  well  (MQW)  structure 
having  b.5-nm-thick  GaAs  wells  and  Al,,  -Gatl-As  barriers 
of  the  same  thickness,  and  enclosed  by  Al,,  ;Ga(,-As  spacer 
layers.  The  optical  thickness  of  the  active  layer  is  /./2. 
These  MQW  structures  are  not  intentionally  doped,  and 
the  background  hole  density  is  -  I01'  cm  '  The  use  of  a 
MQW  structure  is  intended  to  shift  the  luminescence  peak 
to  shorter  wavelengths  (  -  8  JO  nm).  in  order  to  exclude  the 
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possibility  of  mistakenly  detecting  the  GaAs  substrate  lu¬ 
minescence  (  ~  870  nm  ).  One  of  a  pair  of  reflectors  is  made 
from  alternating  quarter-wavelength  layers  of  \lAs  and 
A!,,  ,Gan -As.  with  20  pairs  of  these  layers.  Based  on  the 
layer  matrix  calculation  method,  it  is  estimated  tho  On. 
reflecUu  y  ictus  a  peak  reflectiv  ity  R  ■.--()  l>8.  flat  over  ap¬ 
proximately  20  mil.  Half  of  the  sample  wafer,  hereafter 
called  the  "nucroeavity  section”  (MC.'Sb  is  covered  by  a 
seven-layer  /.ttS/StO-  upper  reflector  having  a  reflectivity 
/G  -  OP)  for  the  740-900  nm  wavelength  region,  while 
showing  reflectivity  of  less  than  0.1  for  wav  elengths  shorter 
than  700  nm.  It  should  he  noted  that  although  the  whole 
active  layer  thickness  is  z./2.  the  ell'ective  cavity  length  has 
been  estimated  to  be  approximately  -  V.  by  a  layer  matrix 
simulation  of  the  cavity  resonance  separation  l  ho  ,s 
mainly  due  to  penetration  of  the  cavity  field  into  the  epi¬ 
taxial  layer  reflector  The  other  half  of  (he  wafei.  heicaiici 
called  the  "weak-cavity  section”  ( W(_'S ).  has  only  one /.nS 
upper  layer  as  a  anti  reflect  ion  (AR)  e. siting  Note  that 
there  is  a  weak  cavity  effect  in  this  section  because  of  the 
epitaxially  grown  reflector  and  the  incomplete  AR  coating. 

Calculating  the  change  in  spatially  integrated  sponta¬ 
neous  emission  rate  is  quite  difficult  with  such  a  distributed 
feedback  structure.  However,  at  least  within  a  small  solid 
angle  around  the  cavity  axis,  a  significant  change  m  the 


* 


1  ,  I  .schematic  oi  a  micrncavity  MOW  structure 


2814 


Appl  Phys  Lett  57  (26).  24  December  1990  000.3-6951 /90/52281 4-03S02  00  *  1 990  American  Institute  ot  Physics  2814 


MC5 


t 


I  r 


REFERENCE  SAMPLE 


780  800  820  840  860 

WAVELENGTH  {nmj 


F  IG  2  PL  spectra  for  a  microcavity  GaAv  MQW  structure.  As  a  refer¬ 
ence  *  PI.  spectrum  for  a  MQW  without  reflectors  is  also  show'll  Exci- 
ik-Ni  *»*>»..  light  uiK-iisi;,.  :c  I  1*'V  tr.  Willi  —  24/itft  k>ca»  spot 
diameter  PI.  detection  solid  angle  is  -  10  '  tt. 

emission  intensity  is  expected.1'  When  a  semiconductor  is 
placed  in  a  Fabry-Perot  (FP)  microcavity  and  only  one 
FP  mode  exists  within  its  emission  width,  the  intensity 
ratio  y  for  spectrally  integrated  emission  into  the  cavity 
axis  direction  can  be  expressed  as* 

i;=--P(£')A£7P(f;il)AP.  (1) 

where  A(£)  is  the  energy  dependent  transition  rate  of  the 
semiconductor  at  photon  energy  E,  A’,',  and  E0  are  respec¬ 
tively  the  photon  energies  at  the  cavity  resonance  peak  and 
at  t  he  free-space  emission  peak,  and  A  A  and  AAare  respec¬ 
tively  the  FP  mode  separation,  and  the  full  width  at  half 
maximum  (FWHM)  of  P(E).  Here  we  assume  that  the 
absorptive  loss  is  negligible.  If  A,',  —  £0,  the  emission  inten¬ 
sity  is  enhanced  by  a  ratio  of  ~  AA/AA.  This  shows  that 
the  spectrally  integrated  emission  enhancement  depends  on 
the  cavity  mode  separation  (i.e.,  the  optical  thickness  of  a 
Fabry-Perot  cavity)  Note  that  if  A(',  &  A(,  and 
A( £„ ) / P(  A,', )  >  AA/AA,  the  microcavity  causes  the  spon¬ 
taneous  emission  into  the  cavity  axis  direction  to  be  sup¬ 
pressed  instead  of  enhanced.  The  electrodynamics  of  such 
Fabry-Perot  cavities  is  discussed  more  fully  in  Ref.  7. 

For  both  measurements,  a  small  sample  including  both 
the  MCS  and  WCS  was  extracted  from  a  40-mm-diam 
wafer.  The  static  PL  intensity  measurements  were  carried 
out  using  He-Ne  laser  excitation  (A  =  633  nm).  The  focal 
spot  diameter  on  the  sample  surface  is  estimated  to  be  -  24 
)tm.  To  avoid  cracking  the  coated  dielectric  layers,  all  the 
measurements  were  carried  out  at  room  temperature. 

Figure  2  shows  the  static  PL  spectra  for  the  sample 
The  reference  spectrum  was  obtained  from  a  MQW  sample 
without  any  reflectors.  Since  this  comes  from  another  wa¬ 
fer,  its  amplitude  should  not  be  compared  with  tho«e  f«»»n 
the  miorocavity  sample,  tits  peak  wavelength  ts  also  some¬ 
what  longer  because  the  QW  layers  were  slightly  thicker. ) 
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In  the  measurement,  PL  is  detected  along  the  axis  perpen¬ 
dicular  to  the  sample  surface  within  a  solid  angle  of 

—  10  'V.  The  observed  PL  spectral  width  for  the  MCS  is 

—  4  nm  full  width  at  half  maximum  (FWHM)  around  the 
lowest  quantized  electron-heavy  hole  transition  The  PL 
spectrum  for  the  WCS  is  modified  by  a  residual  cavity 
effect.  The  spectral  shapes  for  both  MCS  and  WCS  do  not 
change  when  the  excitation  intensity  is  varied  from  1 
kW  cm  ‘to  —  100  W  cm  ‘  (the  detection  limit  for  spec¬ 
tra).  It  should  be  noted  that  the  MCS  and  WCS,  from 
which  PL  data  are  obtained,  are  less  than  1  mm  distant 
from  each  other  on  the  wafer  in  order  to  assure  similarity 
of  the  layer  thickness  and  the  quality  of  the  MQW. 

Integration  of  the  curves  shown  in  Fig.  2  shows  that 
the  spectrally  integrated  PL  intensity  emitted  into  the  cav¬ 
ity  axis  direction  is  increased  by  a  factor  of  3.6  by  the 
microcavity.  From  ( 1 )  we  estimate  an  expected  enhance¬ 
ment  factor  of  7-8.  Considering  the  absorption  of  the 
MQW,  the  observed  enhancement  factor  of  3.6  seems  to  be 
reasonable. 

It  is  important  in  these  experiments  to  distinguish  be¬ 
tween  stimulated  and  spontaneous  emission.  When  the  car¬ 
rier  density  is  less  than  10ls  cm  ’,  net  stimulated  emission 
(stimulated  ^mission  rate  >  stimulated  absorption  rate) 
may  not  occur  around  the  PL  peak  wavelengths.*  For  our 
pumping  intensity,  we  estimate  the  carrier  density  to  be 

—  lO1*  cm  '.  Thus,  the  light  emission  observed  in  the 
present  experiment  is  due  to  spontaneous  emission.  Fur¬ 
thermore.  even  if  the  carrier  density  is  increased  to  101' 
cm  ',  the  gain  induced  in  the  MQW  is  optimistically  10: 
cm  giving  a  single  pass  MQW  gain  of  —4  x  10  4  for 
the  cavity  axis  direction.  This  value  is  much  smaller  than 
the  mirror  transmission  loss  1  \RlR1  ~ 0.06  Finally, 
the  single  pass  gain  for  the  direction  parallel  to  the  MQW 
is  -0.3  with  the  present  excitation  diameter  Accordingly, 
the  effect  of  stimulated  emission  is  not  important  a:  this 
carrier  density. 

With  samples  extracted  from  other  parts  of  the  whole- 
wafer,  shifts  of  the  microcavity  resonance  peak  to  long 
wavelengths  have  been  observed.  This  peak  is  due  to  the 
slight  change  in  the  active  layer  thickness  originating  from 
the  flux  density  gradient  of  the  molecular  beam  during 
MBE  growth,  When  the  resonance  peak  occurs  at  a  wave¬ 
length  longer  than  840  nm  (off-resonance  microcavity), 
the  MCS  emission  intensity  into  the  cavity  axis  becomes 
lower  than  that  of  the  WCS  section  as  expected,  i.e., 
A(  £o )  A  £/  A(  £0 )  A  A  <  1  in  (1). 

Thus  far,  we  h”ve  discussed  change*  of  the  PI  inten¬ 
sity  in  the  cavity  axis  direction.  However,  the  presence  of 
the  cavity  can  also  alter  the  total  spontaneous  emission  rate 
(i.e.,  the  actual  radiative  lifetime),  analogously  to  the  case 
of  dye  molecules  encased  in  thin  dielectric  layers.14  We 
have  demonstrated  these  effects  with  time-resolved  PL 
measurements.  In  this  experiment,  an  AIGalnP  visible  di¬ 
ode  laser  (A  =  660  nm)  excites  the  sample  with  a  picosec¬ 
ond  pulse  of  light;  the  decay  of  the  emitted  PL  is  moni¬ 
tored  in  time  using  tlic  single  photon  counting  technique.10 
The  measurements  have  also  been  carried  out  at  room  tem¬ 
perature.  From  the  time-resolved  PL  measurement,  the 
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FIG  -V  Temporal  variation  of  the  spectrally  integrated  PL  intensity  for  a 
GaAs  microcavity.  The  decay  times  are  estimated  from  the  slope  of  the 
decay  in  the  initial  2  ns  portion  of  the  curve. 

nonradiative  carrier  lifetime  of  the  MQW  structure  has 
been  determined  to  be  2  ns  at  room  temperature.  This 
indicates  that  the  well/barrier  interfacial  recombination 
velocity  is  rather  large.  Although  a  radiative  lifetime 
change  cannot  be  observed  at  an  initial  carrier  density 
lower  than  101  cm  '  because  of  the  very  short  nonradi¬ 
ative  lifetime,  the  lifetime  difference  between  the  MCS  and 
WCS  becomes  comparable  to  the  nonradiative  case.  As 
explained  previously,  the  contribution  of  stimulated  emis¬ 
sion  is  quite  unimportant  even  at  this  excitation  condition 
m  the  present  microcavity  structure.  In  Fig.  3,  the  decay  of 
the  spectrally  integrated  PL  intensity  is  shown  for  -  101* 
cm  '  initial  carrier  density.  The  slope  of  the  initial  PL 
decay  trace  gives  decay  time  constants  of  -  1  ns  for  the 
WCS  and  off-resonant  MCS,  and  ~0.6  ns  for  the 
on-resonant  MCS  section.  The  observed  initial  decay  time 
rT  is  related  to  the  nonradiative  decay  time  Tnr  and  the 
radiative  decay  time  rr:ld  by  1/r/  =  !/rnr  -f  l/r,aJ. 
Although  the  estimated  value  of  radiative  lifetime  rIad  sen¬ 
sitively  depends  on  the  value  of  rnr,  using  the  above  rela¬ 
tion  and  the  measured  nonradiative  lifetime  Tni~  2  ns,  we 
find  radiative  lifetimes  around  2  ns  for  the  WCS  and  the 
off-resonant  MCS,  and  1  ns  for  the  on-resonant  MCS,  re¬ 
spectively.  The  2  ns  time  is  comparable  to  previously  re¬ 


ported  values  of  radiative  lifetimes  in  samples  with  carrier 
densities  of  1011'  cm  '  within  a  factor  of  2.:  1  The  reduction 
of  1  ns  directly  reflects  the  spontaneous  emission  rate  en¬ 
hancement  by  the  microcavity.  Inhibition  of  the  overall 
emission  rate,  if  any  is  induced  in  this  structure,  is  rather 
small  in  the  present  experiment.  However,  the  experimen¬ 
tal  results  demonstrate  that  an  overall  enhancement  of  the 
spontaneous  emission  rate  is  obtainable  in  the  on-resonant 
MCS  compared  to  the  WCS. 

In  conclusion,  our  results  show  for  the  first  time  that 
spontaneous  emission  alteration  is  indeed  obtainable  when 
GaAs  MQWs  are  incorporated  in  a  planar  microcavity 
Specifically,  the  microcavity  structure  examined  here 
caused  both  an  increase  of  the  spontaneous  emission  inten¬ 
sity  in  the  cavity  axis  direction,  as  well  as  a  change  in  the 
overall  spontaneous  emission  lifetime.  Although  laser  os¬ 
cillation  was  not  observed  here  because  of  the  high  loss 
cavity,  similar  alteration  in  spontaneous  emission  will  cer¬ 
tainly  occur  in  the  operation  of  recent  surface  emitting 
microcavity  laser  devices. 
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